The mesencephalon is involved in a number of human neurodegenerative disorders and has been typically imaged with T1-, T2-and T2*-weighted methods. Our aim was to collect high-contrast susceptibility-weighted imaging (SWI) data to differentiate among and within the basic mesencephalic structures: namely, the red nucleus, substantia nigra, and crus cerebri.
I
n recent years, imaging of neurodegenerative disorders like Alzheimer, Parkinson, and Huntington diseases has attracted much attention. Most of the pathologic landmarks of these diseases have been found in parts of the brain stem, especially in the mesencephalon. The substantia nigra, which is the primary source of dopamine synthesis and whose pathways are known to involve iron, 1 is affected in a number of diseases. Its atrophy and/or altered functionality could lead to a disruption of dopamine balance in the brain and may lead to motor and/or cognitive deficits. Two other structures involved in coordinating motor function are the crus cerebri (located lateral to the substantia nigra) and the red nucleus, which has connections to the cerebellum and the spinal cord via a number of key motor tracts. The progression of Alzheimer, Parkinson, and Huntington diseases has been thought to be associated with an increase in iron content in the red nucleus and substantia nigra. 2 Therefore, the ability to differentiate mesencephalic structures should be helpful in visualizing specific damage to these structures and establishing better diagnoses for neurodegenerative diseases. [1] [2] [3] [4] [5] To date, T1-, T2-, and T2*-weighted MR imaging methods have been used to image the mesencephalon. 6 Generally, the workhorse in anatomic measurements has been 3D T1-weighted gradient-echo imaging. This is often performed with a magnetization-prepared rapid acquisition of gradient echo (MPRAGE) approach that uses an inversion pulse followed by the section-encoding gradients and then loops over the phaseencoding gradients. 7 Alongside MPRAGE, a short-TR low flip angle gradient-echo fast low-angle shot sequence with radiofrequency spoiling can be used for T1 contrast. 8 As an example of applied research in imaging the mesencephalon, Shibata et al 9 used T1-weighted imaging to investigate changes in neuromelanin levels in the lower tegmentum. Unfortunately, such T1-based sequences provide rather poor information about upper mesencephalic structures where high vascularization is present 1 and where accurate differentiation of gray matter structures is needed. T2-weighted imaging shows the substantia nigra and the red nucleus quite well but does not distinguish their substructures (such as the pars reticulata and pars compacta of the substantia nigra or the capsule and interior structures of the red nucleus). Today, at 3T and 4T, resolution can be pushed easily to 0.5 ϫ 0.5 ϫ 2 mm 3 . This level of resolution should allow good 3D imaging of the mesencephalon, given that the structures of interest are only about 1 cm thick and require thin sections to be evaluated in detail.
Recently, a method called susceptibility-weighted imaging (SWI) has been developed to enhance contrast in T2*-weighted imaging. 10, 11 It is performed by using a fully flowcompensated gradient-echo imaging method to pick up extra information from local susceptibility variations in tissue via the phase image (in the past, phase was usually discarded as not being useful clinically). Due to the fact that the phase signal intensity is sensitive to local field-change effects, phase data are used as a new source of contrast. When the MR imaging data are collected, there are both real and imaginary components. These are then rearranged to create magnitude and phase images. The phase images contain information about local static field variations, geometry-induced field variations, and the local tissue susceptibility of interest. The first 2 components tend to have low spatial frequency and can be mostly eliminated by applying a high-pass (HP) filter. The resulting HP-filtered-phase images can be considered to be a reasonable representation of the local tissue susceptibility. 12 Susceptibility changes can be caused by deoxygenated blood (due to the paramagnetic nature of deoxyhemoglobin), brain iron (in the form of ferritin or hemosiderin proteins), or calcium (which is diamagnetic). The SWI HP-filtered-phase images are themselves of anatomic interest and can be used to measure the putative nonheme iron content in the basal ganglia and in other areas of the brain. 12 The SWI HP-filteredphase images can also be modified to produce a phase mask that is then multiplied into the magnitude images to create a set of SWI magnitude images. 10, 11 These new images now carry unique information from the phase and provide improved contrast between veins, arteries, and surrounding tissue.
Although SWI has been used to show individual images of the mesencephalon previously, [11] [12] [13] [14] [15] no one, to our knowledge, has yet performed a systematic and quantitative analysis of the contrast between the different structures of the midbrain. In the present work, we quantified contrast between and within structures in the human mesencephalon at 1.5T and 4T using SWI. Specifically, the following structures will be shown on SWI HP-filtered-phase images: the red nucleus and its vascular subcomponents, the capsule of the red nucleus, the substantia nigra pars compacta, the substantia nigra pars reticulata, the crus cerebri, the medial geniculate body, the lateral geniculate body, the subthalamic nucleus, and the fascicula nigrale (the pallidal-nigral pathway). The contrast of these structures, provided by SWI HP-filtered-phase images, will be shown to correlate with the contrast defined by the vascular content in the mesencephalon, highlighted by the india ink staining of cadaver brains in Duvernoy's work. 16 High-resolution examples covering the entire mesencephalon (5 sections, each 2 mm thick) will be shown at both 1.5T and 4T.
Materials and Methods
Five volunteers (23-27 years of age for SWI; 36 -56 years of age for T1 and T2) were imaged at 1.5T (Sonata; Siemens, Erlangen, Germany), and another 5 volunteers (23-27 years of age for SWI; 29 -45 years of age for T1 and T2) were imaged at 4T (MedSpec; Bruker/Siemens, Ettlingen, Germany). Institutional review board approval was obtained, and all participants signed the appropriate consent forms. All images were collected in a predominantly axial orientation following the anterior/posterior commissure line. Detailed imaging protocols are given below.
1.5T Imaging Protocol
A segmented echo-planar imaging sequence (5 echoes) was used for the SWI scans. The sequence was performed with a resolution of 0. 
Imaging Protocol at 4T
A fully flow-compensated gradient-echo sequence was used for the SWI scans. The sequence was performed with a resolution of 0.5 ϫ 0.5 ϫ 2 mm 3 , 64 sections, TR ϭ 24 ms, TE ϭ 15 ms, BW ϭ 80
Hz/pixel, FA ϭ 12°, a matrix size of 512 ϫ 512, and an acquisition time of 12 minutes 52 seconds. The 3D T1-weighted images were obtained with a resolution of 0.5 ϫ 0. 
Evaluating the Data
The data were processed with in-house Visual Cϩϩ-based software, Signal Processing in NMR (SPIN, Detroit, Mich). SWI data were processed by using a 64 ϫ 64 HP filter to create a filtered-phase image. Window level setting adjustments were made to view the best image contrast. In measuring contrast, we measured the signal intensity for a given structure from a 100-to 200-pixel region of interest drawn within the structure of interest. For SWI phase and all conventional sequences, contrast-to-noise ratios (CNRs) were calculated as the signal-intensity difference between 2 structures (S a , S b ), divided by the noise (), or (S a Ϫ S b ) / . The noise was calculated as 0.8 times the mean of a 100-to 200-pixel region of interest outside the head and away from phase-encoding artifacts (a region where only noise was present). Because the structures measured were bilateral, the CNR for a given structure was measured from the region of interest having the best apparent contrast. Where the appropriate contrast was visible, we calculated the CNR between the following areas: the red nucleus and the intermediate area that separates the red nucleus from the substantia nigra, the red nucleus and its capsule, the capsule of the red nucleus and the intermediate area, the substantia nigra and the intermediate area, the substantia nigra and the crus cerebri, the substantia nigra pars compacta and the substantia nigra pars reticulata, the substantia nigra pars compacta and the intermediate area, the substantia nigra pars reticulata and the crus cerebri, the lateral and central aspects of the medial geniculate body, and the central aspect of the medial geniculate body and the intermediate area. Background noise was also evaluated outside the image and compared with the SD seen inside the region of interest. Each subject dataset was carefully scrutinized to find the sections associated with the mesencephalic structures of interest. The MR imaging results were compared with the measurements of mesencephalic capillary density in cadaver brains by Duvernoy, 16 who (by using 3-mm-thick sections) performed india ink staining and 5% gelatin injections to highlight anatomic differences.
Results
The area reviewed in the mesencephalon is shown in Fig 1. A comparison between T1, T2, and SWI contrast, alongside Duvernoy's india inkϪstained results, 16 is shown in Fig 2. Overall, there is little apparent contrast in the T1-weighted images, whereas the T2-weighted images show good contrast for the red nucleus and substantia nigra. The SWI images, however, appear to show good contrast with details of the internal structures visible for the red nucleus, the substantia nigra, the crus cerebri, and the medial geniculate body (Fig 3) . On the SWI HP-filtered-phase images, we see the red nucleus broken up into a highly vascularized portion and a less-vascularized portion.
The images from Duvernoy 16 show the horseshoe effect of the vascularized red nucleus, and this is well mimicked in the SWI results ( Fig 4C, -D; arrow 4a) . Also, the connecting tissue from the substantia nigra is seen to course laterally through the crus cerebri ( Fig 4C, -D; arrow 1) . The substantia nigra can occasionally be seen as having 2 parts: the pars reticulata (the lateral portion, containing more iron; Fig 4; arrow 2a) and the The midbrain as a region-of-interest on 4T SWI magnitude images shown in sagittal and coronal sections, with and without section locators. Arrows 1, 2, and 3 point to the red nucleus, the subthalamic nucleus, and the substantia nigra, respectively.
Fig 2.
A comparison of 1 region of the mesencephalon for different sequences and field strengths with Duvernoy's stained cadaver brain results. 16 A, T1 at 1.5T; B, T1 at 4T; C, T2 at 1.5T; D, T2 at 4T; E, Duvernoy's india ink-stained image; F, SWI magnitude at 1.5T; G, SWI HP-filtered phase at 1.5T; H, SWI magnitude at 4T; I, SWI HP-filtered phase at 4T; J, Duvernoy's india ink-stained image. Images E and J reprinted with permission from Duvernoy HM. Human Brain Stem Vessels. 2nd ed. Berlin, Germany: Springer-Verlag; 1999;206 -13. pars compacta (the medial portion, containing slightly less iron; Fig 4; arrow 2b) . Similar to the behavior seen in the red nucleus, the dark, more vascularized region in the lateral aspect of the medial geniculate body is shown in SWI (Fig 4;  arrow 6 ). Finally, the pallidal-nigral pathway (the fascicula nigrale)-which may transport iron between the substantia nigra and globus pallidus-is also seen (Fig 4BϪD; arrow 5) . Much of the anatomy of these structures changes with each 2-mm-thick section, and many details would not be visible with thicker sections.
In terms of capillary density, the patterns shown in Duvernoy's work 16 appear to be duplicated in the SWI phase images. In addition to the differentiation displayed within the substantia nigra, the red nucleus is seen to contain 2 regions: a highly vascularized horseshoe area and a brighter central region ( Fig  4C, -D; arrows a and b) . In general, the local decrease in phase correlates with the darkened patterns of vascularization in Duvernoy's work.
In terms of quantitative tissue differentiation, we have found that SWI HP-filtered-phase provides good contrast, especially when considering all the components of the mesencephalon. CNR measurements are provided in Table 1 for   1.5T and Table 2 for 4T. The effect of an improved signal intensity-to-noise ratio at high field and reduced T2 is evident in the images wherever iron content is high. In SWI, the CNR generally increases from 1.5T to 4T, but this increase is dependent on the structure of interest. In some cases (eg, in the medial geniculate body), the CNR increases by a factor of 3 from 1.5T to 4T. In other cases, there is only a 25% increase in CNR (eg, in the red nucleus). Although T2-weighted imaging appears to show quite good contrast for the substantia nigra at both field strengths, with SDs taken into account, these mean CNR values are similar for both techniques. However, HPfiltered-phase SWI shows statistically better contrast between the intermediate area and the substantia nigra at 4T than does T2 (8.75 Ϯ 1.67 for SWI versus 4.53 Ϯ 0.48 for T2). This is also the case for contrast between the intermediate area and the red nucleus at 4T (6.98 Ϯ 2.60 for SWI versus 3.36 Ϯ 0.77 for T2). SWI HP-filtered-phase reveals measurable contrast for structures for which T2 does not: specifically, the capsule of the red nucleus, the pars compacta and pars reticulata of the substantia nigra, and the central and lateral aspects of the medial geniculate body. 
Discussion
On the basis of the data collected at 1.5T and 4T, we can see that highly vascularized areas, like the vascularized region of the red nucleus (as specified in Duvernoy's work 16 ), become more prominent or darker on SWI HP-filtered-phase images at higher field strength (Figs 2 and 3) . Thus, the contrast between the red nucleus and the surrounding brain tissue improves with increasing field strength. In fact, we are able to see the capsule of the red nucleus at 4T in the magnitude images for the first time ( Figs 2H and 3C ). (SWI HP-filtered-phase images can visualize the capsule at 1.5T, but the magnitude images do not). Although the CNR is often larger than 4:1 (the CNR needed to be able to differentiate clearly 1 structure from another), this was not always the case. The T2 images had thicker sections (4 mm at 1.5T and 3 mm at 4T); hence, their CNR is overestimated by the ratio of their thicknesses compared with the 2-mm thickness used in the SWI scans. Furthermore, the CNR at 4T is even further overestimated by a factor of 1.6 because of the comparatively lower 0.8-mm resolution (as opposed to 0.5 mm in the SWI scans). Iron plays a key role in many neurologic processes. It is of great interest in the study of neurodegenerative disease today and remains a topic of high interest in the medical community. SWI offers a way to look at iron content that is different from T1, T2, or T2* maps. The SWI filtered-phase images are a sensitive means not only to visualize the presence of iron but also to quantify it. 12, 17, 18 The nonheme forms of iron that are likely seen with MR imaging are ferritin and hemosiderin. 1 Ferritin appears to be seen predominantly in the basal ganglia and primary motor cortex. Gray matter has more ferritin than white matter, though there are indications that ferritin is also present in white matter. 12 Iron in transferrin or in glial cells may be nonmagnetic and, therefore, invisible to MR imaging. This may explain why white matter appears to have less iron than gray matter on MR imaging, whereas staining reveals the opposite. 18 Hypothetically, if we are able to prove that iron causes a reduction in T2 or T2* with increasing magnetic field strength, we would be able to predict that the areas with the higher capillary density would appear darker at high-field strength. An interesting study would be to investigate the relationship between iron and vascular density. Sofic et al 1 and Morris et al 19 showed that large ferritin deposits are associated with the small blood vessels of the basal ganglia. The strong correspondence of SWI phase and high-field magnitude images with Duvernoy's india ink-stained images 16 and the results of Morris et al, 19 therefore, suggest that the nonheme iron visualized in MR imaging in the normal brain is most likely due to ferritin associated with the vascular network. If this hypothesis is verified, these SWI magnitude and filtered-phase images may also prove to be an important means for understanding microvascular effects in neurodegenerative diseases.
In conclusion, the high iron content in the red nucleus and substantia nigra leads to a susceptibility change in the tissue that causes a reduction of the phase in these regions in the SWI filtered-phase images. This phase change can be used either by itself or to create a magnitude SW image. In either case, this property leads to improved contrast in the mesencephalon by using SWI. The improved contrast in the phase images may provide a means by which to monitor changes in the mesencephalon with age or disease state.
